Journal Pre-proof

Intermodulation frequencies reveal common neural assemblies integrating facial and
vocal fearful expressions

Francesca M. Barbero, Siddharth Talwar, Roberta P. Calce, Bruno Rossion, Olivier
Collignon

PII: S0010-9452(24)00347-2
DOI: https://doi.org/10.1016/j.cortex.2024.12.008
Reference: CORTEX 4069

To appearin:  Cortex

Received Date: 13 August 2024
Revised Date: 18 November 2024
Accepted Date: 2 December 2024

Please cite this article as: Barbero FM, Talwar S, Calce RP, Rossion B, Collignon O, Intermodulation
frequencies reveal common neural assemblies integrating facial and vocal fearful expressions,
CORTEX, https://doi.org/10.1016/j.cortex.2024.12.008.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2024 The Author(s). Published by Elsevier Ltd.


https://doi.org/10.1016/j.cortex.2024.12.008
https://doi.org/10.1016/j.cortex.2024.12.008

Intermodulation frequencies reveal common neural
assemblies integrating facial and vocal fearful

expressions

Author names and affiliations:
Francesca M. Barbero 2, Siddharth Talwar 2, Roberta P. Calce 2 Bruno Rossion €, Olivier
Collignon ¢

2 Institute of Research in Psychology (IPSY) & Institute of Neuroscience (IoNS), Louvain Bionics
Center, University of Louvain (UCLouvain), 1348 Louvain-la-Neuve, Belgium

® Université de Lorraine, CNRS, IMoPA UMR 7365, F-54000 Nancy, France

¢ Université de Lorraine, CHRU-Nancy, Service de Neurologie, F-54000, France

d School of Health Sciences, HES-SO Valais-Wallis, The Sense Innovation and Research Center, 1007

Lausanne & 1950 Sion, Switzerland

Corresponding authors:

Correspondence should be addressed to Francesca M. Barbero and Olivier Collignon,
Institute of Research in Psychology (IPSY) & Institute of Neuroscience (IoNS), Louvain
Bionics Center, University of Louvain (UCLouvain), 1348 Louvain-la-Neuve, Belgium.

E-mail addresses: francesca.barbero@uclouvain.be and olivier.collignon@uclouvain.be

Declaration of interest: The authors declare no competing interests.



Intermodulation frequencies reveal common neural
assemblies integrating facial and vocal fearful

expressions

Author names and affiliations:
Francesca M. Barbero 2, Siddharth Talwar 2, Roberta P. Calce 2 Bruno Rossion €, Olivier
Collignon ¢

2 Institute of Research in Psychology (IPSY) & Institute of Neuroscience (IoNS), Louvain Bionics
Center, University of Louvain (UCLouvain), 1348 Louvain-la-Neuve, Belgium

® Université de Lorraine, CNRS, IMoPA UMR 7365, F-54000 Nancy, France

¢ Université de Lorraine, CHRU-Nancy, Service de Neurologie, F-54000, France

d School of Health Sciences, HES-SO Valais-Wallis, The Sense Innovation and Research Center, 1007

Lausanne & 1950 Sion, Switzerland

Corresponding authors:

Correspondence should be addressed to Francesca M. Barbero and Olivier Collignon,
Institute of Research in Psychology (IPSY) & Institute of Neuroscience (IoNS), Louvain
Bionics Center, University of Louvain (UCLouvain), 1348 Louvain-la-Neuve, Belgium.

E-mail addresses: francesca.barbero@uclouvain.be and olivier.collignon@uclouvain.be

Declaration of interest: The authors declare no competing interests.



Abstract

Effective social communication depends on the integration of emotional expressions
coming from the face and the voice. Although there are consistent reports on how seeing
and hearing emotion expressions can be automatically integrated, direct signatures of
multisensory integration in the human brain remain elusive. Here we implemented a
multi-input electroencephalographic (EEG) frequency tagging paradigm to investigate
neural populations integrating facial and vocal fearful expressions. High-density EEG
was acquired in participants attending to dynamic fearful facial and vocal expressions
tagged at different frequencies (fvis, faud). Beyond EEG activity at the specific unimodal
facial and vocal emotion presentation frequencies, activity at intermodulation frequencies
(IM) arising at the sums and differences of the harmonics of the stimulation frequencies
(mfuvis + nfaud) were observed, suggesting non-linear integration of the visual and auditory
emotion information into a unified representation. These IM provide evidence that
common neural populations integrate signal from the two sensory streams. Importantly,
IMs were absent in a control condition with mismatched facial and vocal emotion
expressions. Our results provide direct evidence from non-invasive recordings in humans
for common neural populations that integrate fearful facial and vocal emotional

expressions.
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1. Introduction

Our ability to efficiently recognize emotional expressions is arguably one of the
most important perceptual skills for successful social interactions in humans and other
animals (Darwin, 1872). Even if most research focused on either facial or vocal emotional
expressions, emotion expressions perception and production are intrinsically
multisensory (de Gelder & Vroomen, 2000): we are more accurate and faster in
discriminating emotions when congruent auditory and visual cues are available (i.e.,
depicting the same emotion expression; Collignon et al., 2008; Ethofer, Pourtois, et al.,
2006; Falagiarda & Collignon, 2019) and we tend to rely on information from both
modalities to make a decision on the perceived emotion even when explicitly asked to
ignore one sensory channel (Campanella & Belin, 2007; Collignon et al., 2008; de Gelder
& Vroomen, 2000; Dolan et al., 2001; Ethofer, Anders, et al., 2006; Klasen et al., 2012;
Massaro & Egan, 1996).

Although concurrent congruent information from the face and the voice improves
perceptual discrimination, whether and if so how the brain creates a unified representation
of affective information delivered from the face and the voice remains unknown.
Electrophysiological studies in nonhuman primates have shown that single neurons in
primary and associative cortices integrate facial and vocal signals from conspecifics
(Barraclough*, Xiao* et al., 2005; Ghazanfar et al., 2005; Ghazanfar & Schroeder, 2006;
Khandhadia et al., 2021; Perrodin et al., 2014, 2015; Romanski, 2007, 2012; Stein &
Stanford, 2008; Sugihara et al., 2006). In humans, functional neuroimaging studies have
investigated the neural correlates of emotion integration by probing how unimodal and
multimodal emotion processing differ in specific brain regions (Davies-Thompson et al.,

2019; Dolan et al., 2001; Ethofer, Anders, et al., 2006; Ethofer, Pourtois, et al., 2006;



Klasen et al., 2012; Peelen et al., 2010; Pourtois et al., 2005; Watson et al., 2014) and at
specific time-points (de Gelder et al., 1999, 2002; Focker & Roder, 2019; Ho et al., 2015;
Jessen & Kotz, 2011; Kokinous et al., 2015; Pourtois et al., 2000). However, revealing a
direct signature of multisensory integration remains challenging, particularly in the
human brain. On the one hand, functional Magnetic Resonance Imaging (fMRI) has
identified brain regions that respond differently to multimodal than unimodal emotion
expressions, but cannot determine whether there are common neural populations that
respond to both facial and vocal emotion information. This is because neural activity
recorded at each voxel comes from millions of neurons (Logothetis, 2008), making it
impossible to disentangle between the possibilities that higher responses to audio-visual
emotion rather than to auditory or visual emotion alone are driven either by: a)
populations of bimodal neurons or b) populations of unimodal neurons that respond to
emotional faces or voices and coexist in the same voxel (Stanford & Stein, 2007). On the
other hand, magnetic resonance imaging and electrophysiological studies relying on the
rejection of the additive null hypothesis (e.g., audiovisual # audio + visual) to demonstrate
multisensory integration do not consider that the additive equation is unbalanced, as all
processes that are not strictly related to the signal of interest and that are part of the neural
response (e.g., salience, arousal, noise) would be counted once for the bimodal stimuli
but only once for the unimodal stimuli (Giani et al., 2012; Gondan & Rd&der, 2006;
Stevenson et al., 2014).

To overcome these limitations, we propose a multi-input frequency-tagging
technique as a non-invasive approach to investigate whether there are neural populations
in the human brain that integrate facial and vocal emotion expressions depicting fear. We

recorded EEG while participants attended audiovisual clips where dynamic fearful facial



and vocal expressions were presented concurrently at different frequencies (f1 and f2),
with the rationale that if there are neural populations that integrate fearful information
from the face and the voice, we should observe activity at intermodulation frequencies
(mf1 + nf2) (Baldauf & Desimone, 2014; Boremanse et al., 2013, 2014; Giani et al., 2012;

Gordon et al., 2019; Norcia et al., 2015; Regan et al., 1995).

2. Material and methods

2.1.Participants

We acquired electrophysiological (EEG) recordings from twenty participants that were
naive about the goal of the study. Sample size was chosen in accordance with previous
studies using frequency-tagging to investigate emotion perception from the face or the
voice (e.g., Dzhelyova et al., 2016: n = 18; Leleu et al., 2018: n = 18; Matt et al., 2021: n
= 17; Talwar et al., 2023: n = 24). During data preprocessing, one participant was
excluded due to the presence of massive artefacts in the EEG trace, leading to a final
sample of nineteen participants (9 females, mean age = 25.32 years, SD = 5.07 years).
All participants reported to have normal or corrected-to-normal vision, normal hearing
and no history of neurological disorders. The experimental procedure was approved by
the local ethical committee of the University of Louvain (project 2016-25) and conducted
in accordance with the Declaration of Helsinki. All participants received financial

compensation for participating in the experiment.
2.2.Stimuli

Stimuli were selected from a collection of audiovisual clips in which actors portrayed the
prototypical expressions of different emotions (anger, disgust, fear, happiness, sadness,

surprise, neutral) and pain. During the recording session, professional actors were



instructed to produce simultaneous facial and vocal emotion expressions. The facial
expressions were “prototypical” insofar as they possessed the key features (identified
using the Facial Action Coding System: FACS) identified by Ekman and Friesen (1976)
as being representative of everyday facial expressions (actors were trained to produce
corresponding FACS features linked to each emotion). The vocal expressions were short,
non-verbal emotional interjections using the French vowel ‘ah’ (Belin et al., 2008). A
selection of the audiovisual clips has been previously presented in other experiments
multimodally (audio-visual; Falagiarda & Collignon, 2019) or unimodally (visual-only;
Simon et al., 2006), and a subset of the auditory-only vocalization is available in the
Montreal Affective Voices dataset (Belin et al., 2008). Based on the results of a pilot
study, we selected an actress whose emotion expressions were efficiently discriminated
by the vast majority of the participants tested (high accuracy score and no biases in the
incorrect answers, i.e., no specific emotion systematically confused with others among
the considered expressions), selecting an audiovisual clip depicting fear and one depicting
disgust. We selected fear and disgust as, from an evolutionary perspective, the efficient
processing of threat related signals has been suggested to be beneficial for survival (T.
Stein et al., 2014). Fear and disgust do however signal different kinds of environmental
threats (e.g., impending attack and potential contamination or poisoning) and prompt
distinct responses (e.g., fight or flight response versus further inspection or avoidance;
Anderson et al., 2003). Crucially, notwithstanding the fact that both fearful and disgust
emotion expressions have a negative valence, they can be clearly discriminated from one
another (Collignon et al., 2008).

The original clips had a frame rate of 29.97 fps and a duration of 1 second. We extracted

the auditory and the visual information from the clips in order to be able to present them



independently. First, we cropped the frames of the fear clip using iMovie 10.1.14 running
on macOS Mojave 10.14.6 to remove part of the neutral background and center the frame
around the face of the actress. Then, single frames were extracted using custom built
script running on Matlab R2016b (MathWorks). The resulting frames had a dimension of
1088 x 1072 pixels. The audio files were extracted from the fear and the disgust clips
using QuickTime Player 10.5. During the procedure, a sampling rate of 32 kHz instead
of 30 kHz was erroneously assigned to the auditory fear and disgust vocalizations, which
resulted in vocalizations sounding slightly higher in pitch, but still ecologically valid and
plausible. The extracted audio files were then edited using Audacity 2.1.2
(https://audacityteam.org/): each audio file was first cropped to remove the silence at the
beginning of the vocalization and then transformed from stereo to mono. Resulting files
were saved as wav files with a sampling rate of 32 kHz and a duration of 808.9 ms for

auditory disgust and 961.3 ms for auditory fear.
2.3.Choice of stimulation frequencies

Since we used a multi-input frequency tagging approach to investigate audio-visual
integration of emotion expressions, the auditory and the visual information were
presented, or ‘tagged’, at different frequencies. The choice of the stimulation frequencies
was motivated by different factors. First, we wanted the auditory stimulation cycle to be
longer in time than the visual one (t,uq > tyis and hence f,,q4 < fvis)- This is because
emotion recognition is more accurate and faster in vision than in audition (Bé&nziger et
al., 2009; Falagiarda & Collignon, 2019), a factor that might explain why we tend to rely
more on vision than audition to efficiently discriminate emotions (Collignon et al., 2008;
Klinge et al., 2010; Watson et al., 2014). Therefore, we presented the auditory emotion

information for a longer time in an effort to make the information available through faces



and voices equally informative (i.e. suppression of the advantage of vision by presenting
visual information for a shorter time) (Falagiarda & Collignon, 2019) as, according to the
principle of “inverse effectiveness” (B. E. Stein & Meredith, 1993), multisensory
integration is more effective when the single modalities are less salient. Second, inspired
by studies using intermodulation frequencies to investigate high-level intramodal visual
integration processes (Boremanse et al., 2013, 2014), we selected two temporally close
stimulation frequencies. Lastly, as common practice in frequency tagging experiments,
we selected stimulation frequencies that are not too low in order to avoid falling into a
region of high electrophysiological noise in the EEG spectrum (Luck, 2014). Considering
all these factors, we presented the auditory emotion information for 500 ms (full cycle
1000 ms: stimulus played forward and then backward) and the visual emotion for 333 ms
(full cycle 666 ms: unfolding of emotion forward and then backward). This resulted in a
multi-input audio-visual stimulation at 1 Hz (auditory) and 1.5 Hz (visual) that was
resetting (i.e., restarting in sync) every 2 seconds (2 full auditory cycles and 3 full visual
cycles).
2.4.Experimental design

The experiment consisted of the concurrent presentation of auditory and visual emotion
information which could be either congruent (same emotion) or not (different emotion).
In the congruent condition participants were simultaneously presented with visual fear
and auditory fear, while in the incongruent condition visual fear was paired with auditory
disgust. It is important to note that: (i) in the congruent condition, the facial and vocal
expression come from the same original bimodal recording, and that (ii) the pairing of
visual fear with auditory disgust was just one of the possible manipulations to obtain

incongruency between facial and vocal expressions. As we used a multi-input frequency



tagging approach to investigate audio-visual integration of fearful expressions, the
auditory and the visual information were presented, or ‘tagged’, at different frequencies:
1 and 1.5 Hz respectively. To do so, depending on the trial condition, the auditory file
depicting fear or disgust was cropped to include the first 500 ms and equalised in overall
energy to a value of 0.05 online. A 10 ms ramp was applied to the stimulus to avoid
clicking and avoid abrupt onset-offset of the sound. The auditory stimulation consisted
of presenting in succession the auditory file forward and backward for the whole duration
of the trial. To tag the unfolding of visual emotion expression at 1.5 Hz, we presented the
first 11 (out of 30) frames of the audio-visual clip for fear at a rate of 30 Hz to be as close
as possible to the frame rate of the original videos while respecting the constraints of the
refresh rate of the monitor (120 Hz). The frames were presented forward and backward
for the whole duration of the trial, and to facilitate the perception of a smooth unfolding
of the emotion expression (forward, backward and forward again), the first and the last
frame were presented only once in a presentation cycle (i.e., for each presentation cycles
we presented frames inthe order: 123456789101110987 65 4 3 2). Therefore,
the time to reach the apex of fear facial expression from the neutral face was 333 ms (full
cycle: 666 ms, frequency = 1/time full cycle = 1.5 Hz). The frames were displayed in the
middle of the screen on a black background. With participants seating at 80 cm distance
from the screen, the frames subtended 7° 15' 0.55" x 7° 9' 0.16" of visual angle. Each trial
had a duration of 64 seconds, including 2 s of fade-in and 2 s of fade-out for the gradual
increase/decrease of luminance of the visual stimulation. Triggers corresponding to the
onset of auditory stimulation and to the beginning of each visual stimulation cycle were
sent from the stimulation computer to the EEG amplifier. A schematic representation of

the experimental design is shown in figure 1. The experiment consisted of the presentation



of 20 trials (each of 64 s): 10 for each condition. In the congruent condition, visual fear
and auditory fear were presented concurrently. In the incongruent condition, visual fear
was presented simultaneously with auditory disgust to disrupt potential audio-visual
integration processes which might occur in the presence of congruent (i.e., same emotion)
audio-visual information. The two conditions were presented in a pseudo-randomised
order. Demos for the congruent and the incongruent conditions are available here:

https://osf.io/hgvrc/?view only=a9fd413e05c34babaab316a67c661e8a. To  ensure

attention to the auditory and the visual modality, participants were instructed to perform
an orthogonal bi-modal task consisting in detecting transient decrease in luminance or
volume in the visual or auditory stimulation respectively (four occurrences in each trial)
through button press. The auditory attentional targets were obtained by decreasing of a
factor of 3 the RMS value of two individual sounds across the trial. The visual attentional
targets were introduced by decreasing the luminance of the visual stimulation to half for
500 ms (to mirror the duration of the auditory attentional target) twice in a trial. The
experiment was implemented in Matlab R2016b using the Psychophysics Toolbox
extensions (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997). Visual stimulation was
presented on a Beng XL2420T monitor with a resolution of 1920 x 1080 pixels and a
refresh rate of 120 Hz. The auditory stimulation was presented through Logitech Z200
speakers, with the sound intensity kept at a comfortable level of approximately 70 dB.
Participants performed the experiment in a quiet, dimly lit room seated at 80 cm from the
monitor and at 85 cm from the speakers while we recorded brain activity using a 128-
channels BioSemi Active Two EEG system (https://www.biosemi.com/products.htm).
Recording sites included standard 10-20 system locations as well as intermediate

positions (channel coordinates can be found at https://www.biosemi.com/headcap.htm).
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Electrodes offset relative to the common mode sense (CMS) and driven right leg (DRL)

electrode loop was kept below + 30 mV. The EEG was digitized at a sample rate of 512
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Figure 1. Experimental design. Dynamic fearful facial expressions were presented simultaneously
with an affective vocalization expressing either fear (congruent condition) or disgust (incongruent
condition). To present the visual and auditory affective expressions periodically, they were presented
forward and then backwards (in lighter color for the auditory stimulation) in a loop for the duration of

the sequences. The schematic representation corresponds to 2-seconds excerpts of a trial.

2.5.EEG data preprocessing

Data analysis was performed using Letswave 6
(https://github.com/NOCIONS/letswave6) running on Matlab R2016b, Matlab R2022a
(MathWorks) and RStudio (https://www.rstudio.com) (Rstudio, 2020) following
procedures validated in many EEG frequency-tagging studies (e.g., Barbero et al., 2021;
Calce et al., 2024; Retter & Rossion, 2016; Talwar et al., 2023; Volfart et al., 2021). The
raw EEG data were bandpass filtered between 0.1 and 100 Hz with a fourth order
Butterworth bandpass filter to remove slow drifts and very high frequencies and then

down sampled to 256 Hz to facilitate data handling and storage. The continuous data were
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then segmented from -2 s to +66 s with respect to the onset of the audio-visual stimulation
before performing artefact rejection. We used independent component analysis (ICA)
using the RUNICA algorithm as implemented in EEGLAB using the square method to
identify and remove artefactual components due to blinks and eye movements, removing
no more than 2 components in each participant (1 component removed in 19 participants,
2 components in 1 participant). After visual inspection of the data, residual noisy
electrodes (less than 3 out of the 128 channels per participant, corresponding to less than
3% of the electrodes: 1 electrode in 5 participants, 3 electrodes in 2 participants and no
electrodes in the remaining 12 participants) were linearly interpolated and 1 noisy epoch
was removed. At this stage, one participant was excluded from further analysis due to the
massive presence of artefacts on the EEG trace. The data of the remaining 19 participants
were re-referenced to the common average and re-segmented from +2 s to +62 s relative
to stimulation onset (thus excluding fade-in and fade-out) separately for each participant
and condition. Resulting epochs contained a number of bins that corresponded to integer
multiples of the stimulation (faud, fvis) and intermodulation frequencies components (Mfaud
*+ nfvis) to avoid data overspill into neighbouring frequencies during the Fourier
transformation. To obtain a higher resolution in the frequency domain, we concatenated
epochs 2-by-2 separately for each participant and condition. Therefore, from the initial
10 x 60 seconds epochs per condition, we obtained 5 x 120 seconds epochs (frequency
resolution = 1 / epoch duration; i.e., 1/120 s = 0.00833 Hz). For each condition and
participant separately, epochs were averaged in the time domain to attenuate EEG activity
not in phase with the stimulation. Averaged epochs were submitted to a Fast Fourier
Transform (FFT) leading to amplitude spectra for each electrode, participant and

condition.

12



2.6.Frequency domain and statistical analysis

2.6.1. Unisensory responses
To define the number of significant harmonics in each modality and condition (i.e., for
auditory fear and disgust responses at faud, 2faud, ...), the amplitude spectra were grand-
averaged across participants for each condition separately. We then pooled together all
128 electrodes and we calculated the z-score at each frequency bin of this averaged
channel. For each bin, the z-score was calculated as the difference between the amplitude
at the bin of interest and the averaged amplitude of 22 surrounding bins (11 on each side),
excluding the immediately adjacent bins, the local minimum and the local maximum to
avoid potential remaining spectral leakage and to avoid projecting signal into
neighbouring bins containing noise, divided by the standard deviation of the same
selected bins, as common practice in frequency-tagging studies analyses pipelines (Retter
& Rossion, 2016; Volfart et al., 2021). Consecutive harmonics with a z-score value higher
than 1.64 (i.e., p <0.05, 1-tailed, signal > noise) were considered significant. To quantify
unisensory responses, we summed responses at the auditory and visual frequencies and
significant harmonics, excluding the harmonics that were shared among auditory and
visual stimulation. To do so, we first segmented individual FFT epochs into chunks
centred on the frequencies of interest for the auditory and visual responses in congruent
and incongruent conditions separately. Each chunk contained 25 bins: the frequency of
interest and 12 bins on each side, with a total length of 0.2 Hz (0.1 Hz on each side). The
chunks were summed separately for each electrode, participant, modality and condition
and then grand-averaged across participants. Three different operations were computed
on grand-averaged chunked responses: baseline correction of the amplitude, z-score

computation and estimation of the signal-to-noise ratio (SNR) of the responses. For the
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baseline correction, we subtracted from the amplitude at the bin of interest the average
amplitude of the 22 surrounding bins excluding the adjacent bins and the local minimum
and maximum (x — bl; baseline calculated in the same way as for the z-scores as reported

above). Z-scores were calculated using the same operation described in the procedure to

x—bl
std(bl)

select significant harmonics (zscore = ). Finally, the signal-to-noise ratio (SNR)

of the responses was obtained dividing the amplitude of the bin of interest by the average
amplitude of the 22 surrounding bins (excluding the two adjacent bins, one minimum and
one maximum, SNR = x/bl). Significant electrodes were assessed from z-score values
of the grand-averaged responses to emotional faces and voices, correcting for multiple
comparisons using the False Discovery Rate (FDR) method (Benjamini & Hochberg,
1995). To investigate crossmodal effects on unisensory responses, we calculated the
difference between the grand-averaged amplitudes (FFT) to emotional faces in the
congruent and incongruent conditions, for which the visual stimulation was identical.
This differential response was then submitted to z-score calculation and a FDR correction

was implemented to control for multiple comparisons.

2.6.2. Crossmodal responses
To investigate whether we could isolate significant intermodulation frequency responses
(mfaua £ nfvis) reflecting audio-visual emotion integration, we first averaged amplitude
spectra across participants and electrodes for the congruent and incongruent condition
separately. Then, we calculated the difference between the amplitude of the obtained
signals for the two conditions, computed the z-score at each frequency bin as described
above and considered its absolute value (not to introduce a bias toward which condition
would have driven a significant response). Subtraction across conditions was done to

isolate responses that would truly reflect category-selective integration of bimodal
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emotions as it has been reported that some brain areas respond similarly to emotionally
congruent and incongruent bimodal stimuli (Klasen et al., 2012). Intermodulation
frequency activity was considered as significant if their z-score’s absolute value was
higher than 1.64 (p < 0.05). Intermodulation frequencies overlapping with harmonics of
the unimodal frequencies of stimulation (e.g., 2 Hz = 2* faug = 2*fvis - fawa = 2*1.5Hz - 1
Hz) were not included in the analysis as it is impossible to disentangle responses driven
by the unimodal stimulation and integration responses at these frequencies. Once
identified the significant harmonics, to quantify the crossmodal response we followed the
same procedure implemented for the unisensory responses. Individual FFT epochs were
segmented into chunks centred on the selected frequencies for the congruent and
incongruent conditions separately using the same parameters (25 bins: frequency of
interest and 12 frequency bins on each side). Resulting epochs were summed separately
for each electrode, participant and condition. Baseline correction of the amplitude, z-score
computation and SNR estimation were performed on individual and grand-averaged data.
For the two conditions and their differential response (congruent-incongruent),
significant electrodes were defined from the z-scores of the grand-averaged responses
using the FDR method to correct for multiple comparisons.

An additional region-of-interest (ROI) analysis was performed to compare individual
crossmodal responses across the congruent and incongruent conditions. We a priori
defined two regions-of-interest based on previous EEG frequency tagging studies on
visual (Leleu et al., 2018) and auditory (Talwar et al., 2023) emotion processing. The
visually-defined ROI (vROI) comprised 19 contiguous occipito-parietal electrodes (P9,
P7, PO7, PO9, PO11, 11, POI1, 01, Oz, Oiz, 1z, 12, POI2, 02, PO8, PO10, PO12, P8,

P10; figure 3C). The auditory-defined ROI (aROI) consisted of 20 contiguous fronto-
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central electrodes (Cz, C1h, FCC1h, FCC2h, C2h, C1, FCC1, FCz, FCC2, C2, FC3h,
FFC1, FFCz, FFC2, FC4h, FFC3h, F1, Fz, F2, FFC4h; figure 3C). For each participant,
electrode, and condition, we segmented FFT epochs into chunks centered on the
intermodulation frequencies identified as significant in the previous analysis. The
segmented epochs were comprised of 25 bins: the frequency of interest and 12 frequency
bins on each side. For each participant, condition, and region-of-interest, we averaged the
resulting epochs across the selected electrodes. The responses were then submitted to
SNR estimation by dividing the amplitude response at the bin of interest by the average
amplitude of the 22 surrounding bins (excluding the two adjacent bins, one minimum and
one maximum, SNR = x/bl). Paired t-tests were used to investigate an effect of
condition on individual responses. We corrected for multiple comparisons using the False
Discovery Rate (FDR) method (Benjamini & Hochberg, 1995); threshold for statistical

significance was set to 0.05.

3. Results

3.1.Responses to emotional voices

Responses were expected at the auditory stimulation frequency and harmonics (Retter et
al., 2021), reflecting the processing of affective vocalizations and general auditory
processes. Excluding responses at harmonics that were shared among the auditory and
visual stimulation (e.g., 3faud = 2fvis = 3 Hz), we were able to observe significant
consecutive harmonics up to 30 Hz depending on the condition. However, since responses
at harmonics higher than 10 Hz were associated with low SNR, we focused our
subsequent analyses on responses up to 10 Hz (i.e., 85.85 % of the baseline-corrected

amplitude of the responses until 30 Hz at auditory, visual and intermodulation frequencies
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averaged across all electrodes, participants, and conditions). The SNR spectra obtained
from the average of all electrodes of grand-averaged data is presented in figure 2B for
visualization purposes.

To quantify responses to auditory fear and disgust, we summed responses at 1, 2, 4, 5, 7,
8 and 10 Hz for each participant and condition separately. Individual responses were then
grand-averaged and three different operations were performed: baseline subtraction, z-
scores calculation and SNR estimation. Responses peaked over central, temporo-occipital
electrodes with the largest amplitudes found over posterior-temporal electrodes (maximal
baseline corrected amplitude at P10: 1.616867 pV for congruent and at TP8: 0.996568
MV for incongruent; figure 2A). Auditory responses were associated with high SNR
(congruent: M = 2.549968 + 0.710588, incongruent: M = 1.972000 + 0.343552, mean *
standard deviation across all electrodes) and all electrodes showed a significant response
in both conditions (FDR corrected; congruent: z-scores’ range: 8.706837 - 86.017570,

corrected p < 1.5624 x 107%8; incongruent: z-score’s range: 6.775906 - 54.222603,

corrected p < 6.1815 x 1071?).

3.2.Responses to emotional faces

Significant responses were expected for facial emotion expressions at the stimulation
frequency and related harmonics. Without including harmonics which were also multiples
of the auditory stimulation frequency, we were able to isolate consecutive significant
harmonics up to 19.5 Hz depending on the condition. As for auditory responses, we
focused our analysis on harmonics up to 10 Hz: 1.5, 4.5 and 7.5 Hz (clear peaks at these
frequencies can be observed in figure 2B). The sum of these 3 harmonics yielded to the
characterization of visual responses with medial and right occipital topographies (figure

2A), reflecting brain responses to fearful facial expressions as well as more general low-
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level visual processes. The largest amplitudes were observed over medial and right
occipital electrodes (maximum value for baseline corrected amplitude at Oz: 0.560739
MV for congruent and at PO10: 0.576443 pV for incongruent). Visual responses had a
high SNR (congruent: M = 2.157388 + 0.433499, incongruent: M =2.061532 + 0.400881
across all electrodes), and even after correcting for multiple comparisons with the FDR
method, all electrodes showed a significant response (congruent: z-scores’ range:
4.976463 - 46.975430, FDR-corrected p < 3.2378 x 10; incongruent: z-scores’ range:
6.177848 - 45.166496, FDR-corrected p < 3.2490 x 107%°). Since the influence of
concomitant redundant affective information has been reported to enhance the amplitude
of unisensory responses (Pourtois et al., 2000), we investigated whether there was an
effect of congruency of the auditory information on the visual response. We computed
the difference between the grand-averaged FFT spectra in the congruent and incongruent
conditions, and then calculated the baseline corrected amplitudes and the z-scores of this
differential response. The difference highlighted higher responses for the congruent
condition over right/centro-frontal and left-medial occipital electrodes, showing cross-
modal influences on unisensory responses, with 38 electrodes (i.e. 29.6875%) remaining
significant after FDR correction (1-tailed t-test, significant electrodes z-scores’ range:
2.1813 - 6.5775, significant electrodes FDR-corrected p-values range: 3.0620 x 10 -
0.0491; significant electrodes: PPO3, PPO5, PO7, PO9, PO11, 11, POI1, O1, POOS5,
PO3h, PPOz, POz, POOz, Oz, Iz, POO6, CCP4, CCP2, C2, C4, C6h, C6, FC6, FC6h,
FC4, FC4h, FCC2, FFC4h, FFC4, AFF6h, FFC2, F2, AFF2, AFF4h, Fpz, Afz, AFFz, Fz;

figure 2C).
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Figure 2. Responses to emotional faces and voices. A) Topographical responses to visual (left) and
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auditory (right) emotion expressions to the congruent (top) and incongruent (bottom) conditions. On
the left of each panel, the 3D and 2D maps represent the distribution of the z-scores of the responses.
On the right of each panel, topographies correspond to the baseline corrected amplitudes of the
responses. B) SNR spectra of the average across all participants and electrodes show clear responses
to facial and vocal affective expressions at the frequencies of stimulation and harmonics for the
congruent (blue) and incongruent (orange) conditions. C) Difference maps obtained by subtracting
grand-averaged EEG responses to visual stimulation in the congruent and incongruent conditions. 38
out of 128 electrodes showed a significantly higher response when congruent fearful facial and vocal

expressions were presented simultaneously.

3.3.Intermodulation frequency responses to multisensory fearful
expressions

If there are neural populations that integrate fearful expressions from faces and voices
(and whose responses are measurable with EEG; Gordon et al., 2019), we should observe

responses at intermodulation frequencies (e.g., mfvis + nfaud). Such intermodulation
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frequencies are elicited if there is a population of neurons that receive inputs from the two
stimuli, and can be considered as an index of nonlinear integration (Baldauf & Desimone,
2014; Boremanse et al., 2013, 2014; Giani et al., 2012; Gordon et al., 2019; Norcia et al.,
2015; Regan et al., 1995).

For this analysis, we excluded frequency bins shared between intermodulation frequency
components and harmonics of the auditory and/or visual stimulation (e.g., 2fvis - faud =
2faud = 2 Hz), as it is not possible to disentangle between responses elicited by the
unimodal stimulation and integration responses at these frequencies. It has to be noted
that while some activity at intermodulation frequency components reflecting integration
could be present at harmonics considered for the analysis of unisensory responses (as for
2 Hz, for instance), these frequency bins were nonetheless included in the analysis of
unimodal auditory and visual responses since: (i) the magnitude of the multisensory
responses was expected to be consistently lower than the unisensory ones, therefore only
marginally contributing to the quantified auditory and visual responses, (ii) we considered
this potential confound not detrimental to our research as unisensory analyses were
mostly introduced as a sanity check.

Focusing on the 0-10 Hz frequency range, potentially significant intermodulation
frequency responses could be present at: 0.5, 2.5, 3.5, 5.5, 6.5, 8.5 and 9.5 Hz. When
probing the differential response between congruent and incongruent stimulation to
isolate responses reflecting category specific integration of bimodal emotions expressions
(Klasen et al., 2012), we observed significant responses at 0.5, 2.5, 3.5, 6.5 and 9.5 Hz.
Responses at the selected intermodulation frequencies were then summed separately for
each condition (congruent, incongruent) to quantify multisensory processes. Responses

to facial and vocal fearful expressions peaked over bilateral occipital and central
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electrodes with the highest response observed over left occipital electrodes (P9: 0.101679
KV, baseline corrected amplitude; figure 3A, top). 18 electrodes (i.e., 14.0625 %) located
over central and bilateral (mostly left) occipito-temporal regions remained significant
after FDR correction for multiple comparisons (Cz, PPO5, PO7, PO9, POI1, O1, 12, O2,
FC4h, FCC2h, FCC1h, FCC1, FC3h, C1h, C3h, C3, P7, P9; significant electrodes z-
scores’ range: 2.580775 - 4.298480, significant electrodes FDR-corrected p-values range:
0.0011 - 0.0351).

Conversely, no clear multisensory response was evident from the topographical
distribution elicited by the simultaneous presentation of incongruent facial and vocal
emotion expressions (figure 3A, bottom). In fact, we did not observe any significant
electrode after correcting for multiple comparisons and the SNR of the response across
the scalp was close to 1 (i.e., signal = noise; M = 0.965419 £ 0.059850 across all
electrodes; z-scores’ range: -4.6310 - 2.1927). Our results suggest that the multisensory
responses elicited from the audio-visual presentation of fearful expressions reflect
integration of semantically congruent affective information from the face and the voice
as the same response was virtually absent in the control incongruent condition. To further
investigate whether there was a difference between the two conditions, we subtracted the
FFT grand-averaged spectra across conditions (congruent-incongruent) and calculated
the baseline subtracted amplitude and the z-scores of the differential response. The
topographical distribution revealed higher responses to congruent emotion expressions
expressing over medial occipital, left occipito-temporal and fronto-central electrodes
(positive amplitudes in figure 3B). 31 electrodes (i.e., 24.2188 % of the total set), mostly
located over medial occipital, left occipito-temporal, left occipito-parietal and fronto-

central scalp regions remained significant after FDR correction (PO7, PO9, PO11, 11,
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POI1, POOz, O2, C2h, TP8h, FT8, FC6h, FC4, FC4h, FCC2h, FCC2, F8, FFC2, AFF2,
AFF4h, Fp2, Afpz, Fz, F1, FCC1h, FCC1, FFC3h, FC3h, C1h, C3h, P7, P9; significant
electrodes z-scores’ range: 2.317142 - 5.795169, significant electrodes FDR-corrected p-
values’ range: 4.3682 x 107 - 0.0423; figures 3D, 3E). These results were further
corroborated by the region-of-interest analysis. We observed a significant effect of
condition on multisensory responses (congruent > incongruent) measured over occipito-
parietal electrodes (VROI: t(18) = 2.3047, p = 0.0167 FDR corrected, Cohen’s d = 0.5287;
figure 3C) and over fronto-central electrodes (aROI: t(18) = 2.3326, p = 0.0167 FDR

corrected, Cohen’s d = 0.5351; figure 3C).
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Figure 3. Intermodulation frequency responses to multisensory fearful expressions. A)
Topographical responses at intermodulation frequencies components in the congruent (top) and
incongruent (bottom) conditions. Maps on the left of each panel correspond to z-scores of the
responses while maps on the right represent the baseline corrected amplitudes of the responses.
Multisensory responses to facial and vocal affective expressions were observed in the congruent but
not in the incongruent condition. B) Differential responses obtained subtracting EEG responses across

conditions revealed higher responses when semantically congruent affective expressions were
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presented peaking over 31 medial occipital, left occipito-temporal, left occipito-parietal and fronto-
central electrodes. C) The region-of-interest analysis revealed higher responses to the congruent than
to the incongruent condition in an auditory-defined ROI (left) and in a visually-defined ROI (right).
Individual responses are displayed as dots connected by lines. D) SNR spectrum of the average of the
31 electrodes showing higher responses to congruent than incongruent affective expressions, with a

zoom around 0.5 Hz (f,is — faua) In E (for visualization purposes).

4. Discussion

Consistent reports from behavioral studies suggest that integrating emotional
expressions from the face and the voice into a fused and coherent percept is an automatic
and mandatory process (Campanella & Belin, 2007; Collignon et al., 2008; Davies-
Thompson et al., 2019; de Gelder et al., 2002; de Gelder & Vroomen, 2000; Dolan et al.,
2001; Ethofer, Anders, et al., 2006; Ethofer, Pourtois, et al., 2006; Falagiarda &
Collignon, 2019; Focker & Rdder, 2019; Klasen et al., 2012; Massaro & Egan, 1996;
Pourtois et al., 2000, 2002; Watson et al., 2014). The core evolutionary role of
multisensory integration to discriminate emotional expressions is supported by the fact
that integrating facial and vocal components of socially relevant signals is anchored very
early in life in humans (Grossmann et al., 2012; Hyde et al., 2016; Lewkowicz &
Ghazanfar, 2009) and can be found in other nonhuman primates (Chandrasekaran et al.,
2011; Ghazanfar & Chandrasekaran, 2012; Ghazanfar & Eliades, 2014). However, due
to the intrinsic constraints of non-invasive neuroimaging techniques and the drawbacks
of comparing unimodal and multimodal responses, revealing direct signatures of
multisensory emotion integration in humans remains elusive (Giani et al., 2012; Gondan

& Roder, 2006; Stanford & Stein, 2007; Stevenson et al., 2014).
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To reveal a direct measure of multisensory integration of emotion expressions
non-invasively in the human brain, we designed a multi-input frequency tagging
experiment where dynamic fearful facial and vocal expressions were presented
concurrently at different frequencies. If there are neural populations that process and
integrate fearful information coming from the face and the voice, we expected to observe
responses at intermodulation frequency components arising as a combination of the
auditory and visual stimulation frequencies (mfaud + nfvis) (Baldauf & Desimone, 2014;
Boremanse et al., 2013, 2014; Giani et al., 2012; Gordon et al., 2019; Morgan et al., 1996;
Norcia et al., 2015; Regan et al., 1995). Considering that some brain regions respond
similarly to emotionally congruent and incongruent bimodal stimuli (Klasen et al., 2012),
to ensure that responses at intermodulation frequencies components would reflect
integration of fearful expressions, we included a control condition in which fearful facial
expression was paired with auditory disgust.

In both the congruent (visual fear / auditory fear) and incongruent (visual fear /
auditory disgust) conditions we observed strong responses at the stimulation frequencies
and related harmonics reflecting the processing of auditory and visual emotion
expressions as well as more general low-level auditory and visual processes (figure 2).
Interestingly, congruent voice emotion information was associated with an enhanced
response to fearful facial expressions. That is, even though the visual stimulation was
identical in the two conditions, there was a higher response in the congruent condition
expressed in ~ 30 % of the electrodes and located over right/centro-frontal and left-medial
occipital regions at the presentation frequency of the facial fearful expression. This
crossmodal effect is in line with previous results reporting higher amplitudes when

congruent facial and vocal affective information are presented together (Pourtois et al.,
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2000). Moreover, as fearful facial expressions are more likely to be perceived as fearful
if accompanied by a fearful voice (de Gelder & Vroomen, 2000; Dolan et al., 2001;
Massaro & Egan, 1996), and since more intense facial affective expressions are associated
with higher amplitude brain responses (Leleu et al., 2018), we could speculate that the
higher visual responses observed in the congruent condition originate from the fearful
facial expressions being perceived as more intense when accompanied with fearful voices
than in the incongruent condition.

Crucially, our paradigm allowed us to isolate responses at intermodulation
frequencies arising from the integration of affective information from the face and the
voice. When presenting fearful facial and vocal expressions concurrently, we observed
responses at intermodulation frequencies (IM) peaking at electrodes located over central
and bilateral occipito-temporal scalp regions with a distinct topographical distribution
from the unisensory responses. In contrast, there were no IM when fearful facial
expressions were accompanied by disgust vocalizations, suggesting that the response
observed in the congruent condition reflects integration of bimodal fearful information
rather than mere selectivity to co-occurrent facial and vocal information. We further
analyzed the difference between the two conditions by subtracting the two evoked
responses. The differential response expressed over medial occipital, left occipito-
temporal and fronto-central electrodes with a higher response to congruent than
incongruent trials (figure 3B). These results were corroborated by a region-of-interest
analysis: participants showed higher responses to the congruent than to the incongruent
condition in auditory- and visual-defined ROIs (figure 3C). Since IM activity cannot be
generated unless there are populations of neurons processing both stimulation frequency

components (Gordon et al., 2019; Norcia et al., 2015; Regan et al., 1995), our study goes
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beyond previous neuroimaging studies by pointing towards the existence of common
neural populations that integrate fearful information from the face and the voice.

Responses at intermodulation frequencies have been repeatedly reported as
evidence of integration processes occurring within senses (Alp & Ozkan, 2022; Baldauf
& Desimone, 2014; Boremanse et al., 2013, 2014; Giani et al., 2012; Gordon et al., 2019;
Goupil et al., 2023; Morgan et al., 1996; Norcia et al., 2015; Pitchaimuthu et al., 2021).
Conversely, reports of intermodulation frequencies responses across senses are scarce, if
non-existent. To our knowledge, the early results of Regan and collaborators about the
integration of low-level auditory and visual information in two subjects have never been
extended to a full study or replicated (Regan et al., 1995), and Giani and collaborators
could identify intermodulation frequency responses within but not between sensory
modalities (Giani et al., 2012). In a more recent study, Drijvers and colleagues reported
intermodulation frequencies responses to uttered action verbs and semantically congruent
gestures (Drijvers et al., 2021). However, the frequency-modulated inputs were the
auditory and visual carriers of the stimulation rather than the stimuli themselves: in their
experimental design, the luminance of a portion of the visual stimulation was tagged at
68 Hz and the speech was amplitude modulated at 61 Hz. In contrast, in our experiment,
the tagging concerned the facial and voice emotions directly, therefore offering a direct
link between the tagged responses at the cognitive processes at stake.

In our view, the scarcity of reports of multisensory intermodulation frequency
responses might be attributable to the phenomenon investigated and the stimuli used.
Because of its multisensory nature, bimodal emotion processing seems the ideal candidate
to investigate the existence of neural populations processing and integrating audio-visual

information. In fact, evidence from a wealth of behavioral and neuroimaging studies
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suggest that integration of multimodal emotion information happens automatically,
mandatorily and irrespective of attentional focus (Collignon et al., 2008; Klasen et al.,
2012). In particular, among other emotion expressions, fear seems to be processed in
priority, more rapidly and to have a privileged access to awareness, and previous studies
suggest that the neural correlates of fear processing might differ from the processing of
other affective information (Anderson et al., 2003; Dolan et al., 2001; Ethofer, Pourtois,
et al., 2006; Falagiarda & Collignon, 2019; T. Stein et al., 2014).

It has been speculated that multisensory integration might be tuned to behaviorally
relevant stimuli. Emotion discrimination is a dynamic process as affective expressions
change from moment to moment (Hagan et al., 2009) and unfold over time (Falagiarda &
Collignon, 2019; Jessen & Kotz, 2011). Therefore, the use of socially relevant and
dynamic stimuli such as fearful expressions, as opposed to the use of lower-level
multisensory stimuli which are hardly encountered concurrently in real life situations,
might unveil sensory interactions that could otherwise go unnoticed when using more
simplistic stimuli (Kayser, 2010). In this context, an interesting avenue for future studies
would be to implement multi-input frequency tagging paradigms to investigate other
aspects of multisensory person perception, such as the integration of audiovisual speech
or identity. Moreover, the use of a multi-input frequency tagging method requires to
present the facial and vocal emotion expressions at different presentation frequencies,
disrupting a perfect synchrony of the visual and auditory information. If, on one side,
stimuli onset asynchronies play a role in the perceptual binding of multisensory events
and in the detection of multisensory responses, on the other side complex naturalistic
multisensory stimuli show a larger temporal binding window (in other words, greater

tolerance to stimuli asynchronies; Wallace & Stevenson, 2014). Lastly, the stimulation
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frequencies were selected to capitalize on the principle of “inverse effectiveness” (B. E.
Stein & Meredith, 1993) while taking into account methodological considerations (i.e.,
using close frequencies (Boremanse et al., 2013, 2014) and having responses not falling
too low in the frequency spectrum to avoid substantial electrophysiological noise; Luck,
2014). Although the parameters and the stimuli implemented offered an optimal time
window to investigate audio-visual integration of fearful expressions, further studies
attempting to generalize our findings to other emotion expressions might have to fine-
tune stimuli duration as different emotions need different time windows to be identified
with equal accuracy (Collignon et al., 2008; Falagiarda & Collignon, 2019; Paulmann &
Kotz, 2018).

To conclude, thanks to a multi-input frequency tagging approach we identified
multisensory responses to bimodal fearful expressions. For the first time, we could isolate
crossmodal intermodulation frequencies responses which were dependent on the
congruency of simultaneously presented facial and vocal affective information,
suggesting the existence of common neural populations in the human brain that mediate
the processing of fearful expressions across the senses. Although further studies are
needed to generalize our findings to other emotion expressions or to other multisensory
integration processes in a broader sense, multi-input frequency tagging offers a promising
tool to objectively and non-invasively identify multisensory integration within the same

neural population in the human brain.
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Highlights

e Common neural populations integrate facial and vocal fearful expressions
e EEG frequency-tagging to provide a measure of audio-visual integration of fear
e Intermodulation frequencies as a non-invasive measure of integration in humans

e Intermodulation frequencies absent with mismatched audio-visual emotion expressions
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